Spatially separating a speech target from interfering masker(s) generally improves target intelligibility; an effect known as spatial release from masking (SRM). This study assessed the contribution of envelope cues to SRM. Target speech was presented from the front (0° azimuth) and speech maskers were either colocated or symmetrically separated from the target in azimuth (±15°, ±30°, ±45° and ±90°) using KEMAR headrelated transfer functions. The target and maskers were presented either as natural speech or as noise-vocoded speech. For the vocoded speech, intelligibility was conveyed only by the envelopes from M frequency bands. Experiment 1 examined the effects of varying the number of frequency bands for the vocoder, and the degree of target-masker spatial separation, on SRM. Experiment 2 examined the effects of low-pass filtering the envelopes of the vocoded speech bands on SRM. Preliminary results for Experiment 1 indicated that SRM improved as the number of spectral channels providing independent envelope cues increased for all spatial separations. Preliminary results for Experiment 2 showed no difference in SRM between low and high envelope-frequency cutoffs. Potential implications for studying hearing-impaired and cochlearimplant subjects will be discussed.
INTRODUCTION
Spatial release from masking (SRM) is an important aspect of binaural hearing that aids the NH listeners in a noisy-environment. In the present context, SRM refers to the improvement in intelligibility of a target speech signal when separated in space from masking sounds compared with when the target and maskers are co-located (e.g., Arbogast et al., 2005; Marrone et al., 2008a; Best et al., 2012) . It is of considerable interest to understand the contributions of specific speech cues that aid the NH listener in achieving SRM.
The speech waveform can be characterized as the sum of band-pass signals, each comprising an amplitude envelope that modulates a carrier having temporal fine structure (e.g., Flanagan 1980) . Shannon et al., (1995) , using noise excited envelope vocoders, demonstrated that accurate speech identification in quiet can be achieved when the envelope cues are provided in as few as four spectral channels. Results from other psychophysical studies have found that NH listeners benefit from envelope cues provided from multiple narrow independent channels for speech perception in adverse listening conditions (e.g., Healy and Bacon, 2002; Healy et al., 2005; Baskent, 2006) . Overall, envelope information has been shown to be important for robust speech perception and its role in monaural hearing has been extensively studied. However, the role of envelope cues for spatial hearing is not very well understood. Garadet et al. (2009) using tone excited vocoders, found that SRM increased as the number of vocoder channels decreased with the spatial separations achieved by imposing Head Related Transfer Functions (HRTFs) on the stimuli. They interpreted this result as reflecting an increase in informational masking due to increased targetmasker similarity (see Kidd et al., 2008a for a review of informational masking). However, Best et al., (2012) , using noise excited vocoding with sources separated only by interaural time differences (ITDs), observed that reducing the number of frequency channels providing envelope cues systematically reduced the SRM. This finding was qualitatively similar to the pattern of results found for listeners with sensorineural hearing loss tested under similar conditions using natural (not vocoded) speech targets and maskers. Given that these studies differed not only in the pattern of results but also differed substantially in methods, it currently is not entirely clear what role spatial separation of competing speech sources plays when the speech information is limited to modulations of the envelopes via noise vocoding.
The goal of this study was to extend the work of Best et al., (2012) by systematically evaluating the role of speech envelope cues for SRM. Both the number of channels and the angular separation between target and maskers was varied. Experiment 1 examined the effects of presenting envelope cues over varying number of spectral channels and the degree of target-masker spatial separation, on SRM. The noise vocoded signals were convolved with HRTFs to present more realistic, perceptually spatialized and separated target and masker sounds. Experiment 2 examined the effects of low and high rate envelope cues for SRM. The purpose here was to determine whether relatively high-frequency envelope modulations (above 32 Hz) were necessary to achieve SRM.
METHODS Subjects
Four native speakers of American English, matched in age (mean=21 years; standard deviation=2 years), participated in the study. All subjects had normal hearing with audiometric pure tone thresholds less than 20 dB HL between 0.25 and 8 kHz. Informed consent was obtained in compliance with an approved Institutional Review Board protocol from the Boston University Human Research Protection Program.
Stimuli
On each trial, the stimuli were comprised of three, five-word sentences that were syntactically correct but not necessarily semantically correct. The sentences all had the structure <name> <verb><number> <adjective> <object> and there were 8 possible words in each category. The sentences were part of a speech corpus recorded for Boston University by Sensimetrics Corporation (Malden, MA; details in Kidd et al., 2008b) . The three sentences were spoken by three different female talkers selected at random on each trial from the seven available talkers.
The target and masker sentences were either presented as produced naturally or were presented following noise vocoding (e.g., Shannon et al., 1995) . The noise vocoded signals were created to retain only the envelope cues while eliminating the temporal fine-structure cues within narrow frequency bands. The vocoded versions of the sentences were created using MATLAB (Mathworks, Natick, MA). For experiment 1, each sentence was initially band-pass filtered into 8, 16 or 32 contiguous bands using sixth-order Butterworth filters (72 dB/oct rolloff) spanning a frequency range of 80 -8000 Hz. The Hilbert transform (Hilbert, 1912) was applied in each band and the envelope component within the band was extracted as the magnitude of the Hilbert analytic signal. The envelope signal within each band was further low-pass filtered to 300 Hz with a fourth-order Butterworth filter (48 dB/oct rolloff). The filtered envelope signals were used to modulate narrow bands of noise with the same bandwidth as the analysis bands. The noise carriers were independent samples for each sentence. Finally, these modulated signals were bandpass filtered through the original analysis bands to attenuate any spectral splatter and then summed across all bands to create the envelope-vocoded speech stimulus. For experiment 2, the target and masker sentences were decomposed into 32 frequency bands and the envelopes within each band were restricted (low-pass filtered) to either 300 Hz or 32 Hz. All other signal processing details for creating envelope vocoded speech were similar to those described in experiment 1.
It should be noted that within each band, the envelope of the narrowband noise carrier superimposes on the envelope of the original speech sentence causing some degree of disruption of the original speech-derived envelope. Nonetheless, this type of modulated noise has been shown in several studies to be quite intelligible for sentence stimuli with just four channels (e.g., Shannon et al., 1995) .
Procedure
Stimuli were delivered via Sennheiser HD 580 headphones to listeners seated in a double-walled soundattenuating chamber (Industrial Acoustics Company). Digital stimuli were generated on a PC outside the booth and then fed through separate channels of Tucker-Davis Technologies System II hardware. In experiment 1, the target was presented diotically from the front (0° azimuth) and speech maskers were either colocated or symmetrically separated from the target in azimuth (±15°, ±30°, ±45° and ±90°) using KEMAR head-related transfer functions (HRTFs). The HRTF's were obtained using tone sweeps recorded in a single-walled Industrial Acoustics Company sound booth (12 ft. x 14 ft. x 7.5 ft). The recording speaker positions were 5 ft from the center of KEMAR at 0°, ± 15°, ± 30°, ± 45°, ± 90° (in the horizontal plane). In experiment 2, the speech maskers were either colocated or symmetrically separated from the target at ±90°. For the envelope vocoded speech conditions, vocoding was done prior to convolving with the HRTFs. Hence, the binaural cues were preserved in both the (speech) envelope and the fine structure (noise carriers).
Experiment 1 had twenty conditions (4 speech conditions × 5 spatial configurations) and experiment 2 had four conditions (2 speech conditions × 2 spatial configurations). Each set presented a speech condition across different spatial configurations. The ordering of the spatial conditions within a set was randomized. The experiment had 6 sets of each speech condition. The first 2 sets were used as practice runs and were not scored. The ordering of speech conditions was randomized across subjects.
On a given run, the two maskers were fixed equal in level at 55 dB SPL and the level of the target was varied adaptively using a one-down one-up procedure that tracked the 50% correct point on the psychometric function (giving a threshold target-to-masker ratio, TMR). The target level was varied adaptively in 6 dB steps initially and then in 3 dB steps following the third reversal. Each run consisted of at least 25 trials and at least 9 reversals. The target sentence always started with the call-sign "Jane" followed by four keywords randomly selected from the choices available. The masker sentences contained randomly selected call-signs and keywords that differed from the target and from each other. Subjects were instructed to identify the keywords coming from the front uttered by the target talker. The possible responses were displayed orthographically on a computer screen. Each listener was instructed to report the perceived target keywords using the computer mouse to select the buttons showing the keywords on the screen. Feedback was provided during testing. Responses were counted as correct if the listener successfully identified three out of the four keywords. Panel A in Fig. 1 shows the group mean target-to-masker ratios (TMRs) at threshold as a function of the angular separation between target and maskers for each speech processing condition. TMR was calculated as the level of the target at adaptive threshold minus the fixed masker level (55 dB SPL). A two-way repeated measures analysis of variance (ANOVA) showed significant main effects of speech processing condition [F (3,9) The highest mean TMRs were found when the target and masker talkers were colocated (0° azimuth), regardless of the processing condition. For the colocated configuration, the TMRs were clustered around 3 dB and there were minimal differences between the TMRs across different processing conditions (total range of 1.6 dB). This trend was consistent both within and across listeners as evident from the small error bars (also see Fig. 2 for individual listener data). For all processing conditions, TMRs decreased with an increase in the amount of spatial separation between the target and the maskers. For natural speech, the mean TMR dropped to -19 dB (SE=2.0 dB) for ±15° azimuth and saturated to -23 dB (SE=2.4 dB) at ±90°. The drop in TMR was similar for 32 channel and 16 channel envelope vocoders across all spatial separations [32 channel vocoder: -14.7 dB (SE=3.6 dB) at ±15° to -19.7 (SE=4.4 dB) at ±90°; 16 channel vocoder: -11.6 (SE=6.2 dB) at ±15° to -16.6 (SE=3.0 dB) at ±90°]. The decrease in TMR was least for the 8 channel vocoder with the mean drop being -6.9 dB (SE=4.6 dB) at ±15° declining to -11 dB (SE=4.1 dB) at ±90°. Individual differences were noted in the maximum decrease in TMR with increasing spatial separation, although the overall pattern of results was similar across listeners (see Fig. 2 ) with most of the benefit occurring in the first ±15° of separation.
Panel B in Fig. 1 shows the mean spatial release from masking (SRM) as a function of spatial separation for each processing condition. SRM, for each listener, was calculated as the difference in TMR at threshold between colocated and separated conditions. Envelope vocoding had an effect on the amount of SRM. A two-way repeated measures ANOVA showed significant main effects of speech processing condition [F (3,9) = 27.98, p<0.0001] and spatial separation [F (3,9) =26.5, p<0.0001], but no significant interaction [F (9,27) = 0.317, p>0.05].
Consistent with previous vocoder-based studies (e.g., Best et al., 2012) , reducing the number of envelope vocoder channels generally reduced the measured SRM. For natural speech, a mean SRM of 22 dB (SE=2 dB) was Figure 3 shows the group mean TMRs for 32 channel envelope vocoded speech with varying envelope low-pass filter conditions. No difference in TMRs was observed across the two processing conditions for colocated and separated configurations (±90°). A two-way ANOVA showed no significant effect of envelope low-pass filter condition [F (1,3) = 3.9, p>0.05]. However, a significant main effect of spatial separation [F (1,3) =142.3, p<0.0001] was observed. No significant interaction [F (1,3) = 1.9, p>0.05] between the main effects was found.
Experiment II
The group mean TMRs in the colocated and separated configurations were similar for both low-pass filter conditions [300 Hz: 2.06 dB (SE=0.89 dB) for colocated and -14.9 dB (SE=2.2 dB) for separated; 32 Hz: 2.06 dB (SE=0.65 dB) for colocated and -15.6 dB (SE=5.6 dB) for separated]. This trend was consistent across all the subjects. The mean SRM was 17 dB for both envelope low-pass filter conditions. 
DISCUSSION
Two experiments were conducted to assess the contributions of speech envelope cues for spatial release from masking. Experiment 1 examined the effects of varying the number of frequency bands for the envelope vocoder, and the degree of target-masker spatial separation, on SRM. Results from Experiment 1 indicated that SRM improved as the number of spectral channels providing independent envelope cues increased for all spatial separations. Results from Experiment 2 showed no difference in SRM between low (< 32 Hz) and high rate (< 300 Hz) envelopes for a 32 band envelope vocoded speech. For the conditions considered in this study, these results suggest that spatially separating speech sources may provide a substantial benefit in target reception under speech processing conditions in which the speech envelopes are preserved over 16-32 independent channels while degrading the speech fine structure. This large benefit is due to the lower thresholds obtained in the spatially separated conditions. Thus, the information conveyed by the envelopes appears to be sufficient for the listener to use spatial separation as a means for selecting one speech source among competing speech sources even at very low TMRs. The complementary conclusion then is that preserving speech temporal fine structure information is not necessary as long as there are a relatively high number of independent channels conveying envelope information. An interesting question is whether the addition of temporal fine structure to cases where the envelopes are not well represented (e.g., 8 or fewer bands) would improve SRM. Best et al., (2012) , by imposing a whole-waveform interaural delay (ITD) on the vocoded speech, also observed that reducing the number of frequency channels systematically reduced the SRM. Although the results from this study qualitatively matched with those of Best et al., (2012) , there were quantitative differences in the overall measured SRMs across different vocoder conditions. The SRM observed in this study with vocoded speech stimuli was generally higher than that reported in Best et al., (2012) (21 dB vs 5 dB for 32 channel vocoder; 19 dB vs 4 dB 16 channel vocoder and 14 dB vs 3 dB for 8 channel vocoder). This difference again was primarily due to the lower thresholds in the spatially separated conditions. Differences in scoring criteria, speech corpus, experimental methods (HRTFs vs ITDs) among others may be responsible for the measured differences in SRM between the two studies. In particular, the use of HRTFs provides interaural level differences not available using ITDs alone.
Any interpretation of the results from this study on the role of envelope cues for spatial hearing must take into account that the vocoding was implemented prior to the introduction of spatial cues. Hence, the spatial cues were preserved in both the speech envelope and the fine structure of the noise carriers. If the vocoding were to be implemented after spatialization, the spatial cues would be available only in the speech envelopes and not in the fine structure of the carriers. There are conflicting reports on the effect of order of processing (vocoding vs spatialization) on SRM with envelope vocoded speech (Garadet et al., 2009; Best et al., 2012) . The current study does not resolve this issue and further study appears warranted.
The underlying reasons for the higher thresholds in spatially separated conditions found here for the more coarsely vocoded speech (i.e., 8 channels) are not fully clear. A large number of channels (e.g., 16 or 32) yields performance under these conditions very similar to natural speech. As the number of channels decreases, the quality of the vocoded signal is degraded although the unmasked intelligibility is maintained (at least as measured in these closed-set procedures). Importantly, the vocoder processing can severely reduce or eliminate pitch and other voice difference cues between different talkers, increasing target/masker confusability and, potentially, informational masking (e.g., Qin and Oxenham, 2003; Freyman et al., 2008) . On the other hand, progressively broadening the vocoder channels can lead to an increased overlap of spectro-temporal acoustic cues between the target and masker thereby increasing energetic masking. Past work from our laboratory has shown that SRM decreases as the amount/proportion of energetic masking increases (e.g., Arbogast et al., 2005; Marrone et al., 2008a,b; Best et al., 2012) due primarily to an elevation in thresholds in spatially separated conditions.
Implications for Hearing Impairment and Cochlear Implant Signal Processing
Although this experiment was not intended to directly simulate hearing-aid (HA) or cochlear-implant (CI) signal-processing strategies, it is still possible to speculate about what these findings imply for improving HA and/or CI signal processing strategies.
First of all, the main implication here is that, even in the absence of viable temporal fine structure information, a sufficient number of independent channels conveying envelope information -even when limited to envelope frequencies below 32 Hz -can provide considerable benefit in the use of spatial cues to separate competing speech sources. As few as 8 channels yielded SRMs of 14 dB in this study. A well-known consequence of sensorineural hearing loss is reduced frequency selectivity which results from the broadening of the peripheral auditory filters (e.g., Wightman et al., 1977; Patterson et al., 1982; Liberman and Dodds, 1984; Glasberg and Moore, 1986) . Because of this broadened tuning, there are fewer peripheral channels providing independent information. The decrease in the number of viable channels due to sensorineural hearing loss was estimated by Baskent (2006) using multi-band envelope vocoding. Her study indicated that in conditions with background noise and monaural listening, NH listeners had 1.5-2 times as many useable channels as did listeners with sensorineural hearing loss (also see Swaminathan and Heinz, 2011) . With respect to binaural hearing (and of particular relevance to this study), HI listeners often demonstrate reduced SRM as compared to NH listeners due primarily to increased thresholds in spatially separated conditions (e.g., Arbogast et al., 2005; Marrone et al., 2008b; Best et al., 2012) similar to the findings here. Taken together, these results suggest that a promising avenue to explore for improving SRM for HI subjects is to try to restore envelope cues over several independent channels (16 -32 channels).
A similar argument can be made for improving spatial hearing with bilateral cochlear implant (CI) listeners. With current technology, CI listeners receive the envelopes over 6-8 relatively independent channels (e.g., Wilson et al 1991) . The results from this study (accounting for other factors such as coordinating for specific pairs of electrodes across two ears) suggest that it may be possible to improve spatial hearing in bilateral CI listeners by increasing the number of electrodes providing independent envelope information (Loizou et al., 2009; Garadet et al., 2009) .
